Bacteria utilize multiple regulatory systems to modulate gene expression in response to environmental changes, including two-component signalling systems and partner-switching networks. We recently identified a novel regulatory protein, SypE, that combines features of both signalling systems. SypE contains a central response regulator receiver domain flanked by putative kinase and phosphatase effector domains with similarity to partner-switching proteins. SypE was previously shown to exert dual control over biofilm formation through the opposing activities of its terminal effector domains. Here, we demonstrate that SypE controls biofilms in Vibrio fischeri by regulating the activity of SypA, a STAS (sulphate transporter and anti-sigma antagonist) domain protein. Using biochemical and genetic approaches, we determined that SypE both phosphorylates and dephosphorylates SypA, and that phosphorylation inhibits SypA's activity. Furthermore, we found that biofilm formation and symbiotic colonization required active, unphosphorylated SypA, and thus SypA phosphorylation corresponded with a loss of biofilms and impaired host colonization. Finally, expression of a non-phosphorylatable mutant of SypA suppressed both the biofilm and symbiosis defects of a constitutively inhibitory SypE mutant strain. This study demonstrates that regulation of SypA activity by SypE is a critical mechanism by which V. fischeri controls biofilm development and symbiotic colonization.
Introduction
Bacteria continuously monitor their surroundings and co-ordinate cellular behaviour with current environmental conditions. The ability to adaptively respond to perceived changes in the environment is critical for a bacterial cell to colonize and persist within a particular ecological niche. Two-component signalling (TCS) systems are a common mechanism by which bacteria sense and respond to environmental stimuli. The typical two-component system consists of a sensor histidine kinase (SK) and a cognate response regulator (RR) (Stock et al., 2000) . Upon stimulus detection, the SK autophosphorylates at a conserved histidine residue and subsequently donates this phosphoryl group to an aspartate residue located in the regulatory receiver (REC) domain of a downstream RR (Bourret et al., 1990; Stock and Guhaniyogi, 2006) . REC domain phosphorylation typically regulates the activity of an attached effector domain, often a DNA-binding domain (Bourret, 2010) . Alternatively, the RR REC domain may be attached to a variety of other signalling domains, including those involved in enzymatic activity or protein binding (Galperin, 2006; Galperin, 2010) .
In addition to TCS systems, bacteria employ a variety of other regulatory devices to co-ordinate gene expression with environmental cues. Partner-switching systems represent another common mechanism by which bacteria regulate signal transmission and gene expression. The canonical partner switching system consists of several conserved regulatory elements: a serine kinase/anti-sigma factor, a serine phosphatase and an antagonist protein/ anti-sigma factor antagonist (Yang et al., 1996) . The partner-switching paradigm was first observed in the Gram-positive bacterium Bacillus subtilis, in which partnerswitching proteins were found to regulate sigma factors involved in sporulation (s F ) and the general stress response (s B ) (Duncan and Losick, 1993; Dufour and Haldenwang, 1994) . Partner-switching systems have since been characterized in a variety of bacterial systems, particularly in other Gram-positive organisms. The B. subtilis RsbU-RsbV-RsbW signalling network, which regulates s B of the general stress response, represents one of the most well-characterized examples of a partnerswitching system (Fig. 1A) . In this regulatory pathway, an anti-sigma/serine kinase RsbW negatively regulates s B activity by binding it and preventing its association with core RNA polymerase (Benson and Haldenwang, 1993a,b) . s B is released by the action of an antagonist protein, RsbV, which binds RsbW and prevents sequestration of s B (Dufour and Haldenwang, 1994) . The ability of RsbV to function as an antagonist is regulated by its phosphorylation state. When phosphorylated by RsbW, RsbV is rendered unable to bind and inhibit RsbW (Dufour and Haldenwang, 1994) . Dephosphorylation of RsbV is promoted by a set of PP2C phosphatases, RsbU and RsbP, which are activated in response to cellular stresses (Voelker et al., 1996) . Thus, stress detection induces RsbV dephosphorylation, the inhibition of RsbW, and the release of s B and subsequent activation of the s B regulon (Voelker et al., 1996) .
TCS and partner-switching systems provide distinct mechanisms by which bacteria transmit cellular signals and regulate target gene expression. Interestingly, regulatory elements of both systems are combined in the biofilm regulator, SypE. SypE is an unusual RR consisting of a central regulatory REC domain flanked by two effector domains that exhibit sequence similarity to partnerswitching regulatory elements. SypE's N-terminal effector domain exhibits sequence similarity to HPK (histidine protein kinase)-like serine kinases, including the serine kinase/anti-sigma RsbW of B. subtilis ( Fig. 1) (Morris and Visick, 2010) , while its C-terminal effector domain is similar to PP2C-like serine phosphatases, including the B. subtilis phosphatase RsbU ( Fig. 1 ) (Morris and Visick, 2010) .
We recently demonstrated that SypE plays a key role in the regulation of host colonization by the bacterium Vibrio fischeri (Morris et al., 2011) . V. fischeri is a Gram-negative marine bacterium that forms a symbiosis with the Hawaiian squid Euprymna scolopes. SypE regulates one of the earliest stages of host colonization, the formation of a biofilm-like aggregate on the surface of the squid's symbiotic light organ (Nyholm et al., 2000) . The formation of this biofilm requires the symbiosis polysaccharide (syp) locus, which is controlled at the transcriptional level by the SK RscS and the downstream syp-encoded RR SypG (Yip et al., 2005; 2006; Hussa et al., 2008) . In laboratory culture, substantial biofilm formation is observed only when one of these regulators is overexpressed (Yip et al., 2006; Hussa et al., 2008) .
SypE exerts both negative and positive control over RscS-induced biofilms through the opposing activities of its terminal effector domains (Morris et al., 2011) . Specifically, SypE's N-terminal, RsbW-like domain is both necessary and sufficient to inhibit biofilm formation, while the Cterminal, PP2C-like domain alone is sufficient to mediate positive control over biofilm formation (Morris et al., 2011) . Furthermore, phosphorylation of SypE's central REC domain regulates these opposing activities: a SypE mutant disrupted at the predicted site of phosphorylation within the REC domain (SypE D192A ) inhibited both biofilm formation and colonization in a manner dependent on the N-terminal, putative kinase domain (Morris et al., 2011) .
The downstream target of SypE's regulatory activities and the mechanism by which SypE restricts biofilms and colonization remain unknown. Given the results from our previous study, we hypothesized that SypE likely regulates biofilm formation by controlling the phosphorylation state of a downstream target, possibly another partner switching-like protein. One intriguing possibility for such a A. Model of the Bacillus subtilis partner switching system that regulates the activity of s B in the general stress response pathway (see text for full description). Shown are the relevant domains for partner-switching regulation. B. SypE contains a central RR REC domain flanked by an N-terminal RsbW-like serine kinase domain and a C-terminal PP2C-like serine phosphatase domain. SypA contains a single STAS-domain conserved in anti-sigma factor antagonists. Under conditions in which SypE is unphosphorylated, its N-terminal kinase domain is active, resulting in the phosphorylation of SypA (on conserved serine residue S56) and inhibition of biofilm formation. When phosphorylated (presumably on conserved residue D192), SypE functions as a phosphatase (Morris et al., 2011) . This results in the dephosphorylation of SypA, activating SypA to promote biofilm formation. A D192A mutation 'locks' SypE into a constitutive kinase, resulting in SypA phosphorylation and the inhibition of biofilms and colonization. Protein phosphatase 2C (PP2C) domain (black box); Serine/threonine kinase (RsbW) domain (white box); anti-sigma factor antagonist (STAS) domain (grey box); response regulator receiver (REC) domain (light grey box).
target is SypA, which exhibits sequence similarity to the B. subtilis antagonist protein RsbV (Yip et al., 2005; Morris and Visick, 2010) . Like RsbV, SypA contains a sulphate transporter and anti-sigma antagonist (STAS) domain indicative of an anti-sigma factor antagonist ( Fig. 1B) (Morris and Visick, 2010) . A role for SypA in regulating biofilm formation and/or colonization has yet to be identified. However, given the similarity to characterized partner-switching regulators and the genetic proximity of sypA to sypE, we speculated that SypA may represent the target of SypE's regulatory activities. Here, we investigated the mechanism by which the RR SypE regulates biofilm formation and host colonization. We demonstrate that SypE interacts with SypA and mediates control over biofilm formation and colonization through regulation of SypA phosphorylation and, consequently, SypA activity. Together, our data demonstrate that a key function of SypE is to control the ability of SypA to promote biofilm formation and colonization.
Results

SypE interacts with the putative regulatory protein SypA
The RR SypE controls biofilm formation both negatively and positively through the opposing activities of its putative N-terminal serine kinase and C-terminal serine phosphatase domains (Morris et al., 2011) . However, the activity of this protein as a serine kinase/phosphatase has not yet been experimentally established, in large part because the target(s) of these putative activities remained unknown. Due to sequence similarities of SypE and the STAS-domain protein SypA to proteins present in partnerswitching systems, we speculated that SypE could function by controlling the phosphorylation state of SypA (Morris and Visick, 2010) . To determine if this were the case, we first asked whether SypE interacts with SypA in vivo by performing a co-immunoprecipitation assay. Briefly, we generated FLAG-and HA-epitope tag fusions to the C-termini of SypE and SypA, respectively, and expressed the epitope-tagged alleles in V. fischeri. We then used anti-FLAG or anti-HA antibodies to immunoprecipitate either SypE or SypA, respectively, and detected the immunoprecipitated proteins using Western blotting analyses. Upon immunoprecipitation using anti-FLAG antibody, we detected not only immunoprecipitated SypE, but also SypA ( Fig. 2A, left panel) . In reciprocal experiments, we found that immunoprecipitation of SypA with anti-HA antibody resulted in the co-immunoprecipitation of SypE ( Fig. 2A, right panel) . These results indicate that SypA and SypE are capable of interacting in vivo, a result that is consistent with the model that SypA may serve as a target of SypE's regulatory activity.
We next examined the domains of SypE required for mediating this binding to SypA. Based on similarity to B. subtilis orthologues, in which RsbW directly binds RsbV (Dufour and Haldenwang, 1994) , we hypothesized that binding to SypA would depend upon SypE's N-terminal, RsbW-like domain. We first tested the ability of SypA to interact with an N-terminal deletion mutant of SypE (SypE D -NTD), a protein that lacks the first 135 amino acids (comprising the putative serine kinase domain) but retains positive A. Soluble lysates from V. fischeri DsypA DsypE cells [KV4716] carrying plasmids expressing FLAG-SypE (pARM80), HA-SypA (pARM36), or untagged SypE (pCLD48) and SypA (pARM13) control plasmids were used in immunoprecipitation assays with non-specific anti-rabbit IgG antibody (lanes 1 and 5), anti-FLAG antibody (lanes 2-4) or anti-HA antibody (lanes 6-8). The samples were resolved using SDS-PAGE and subjected to Western blot analysis with anti-FLAG (top panel) regulatory activity mediated by the C-terminal domain (Morris et al., 2011) . We found that the SypE DNTD mutant failed to co-immunoprecipitate with SypA (Fig. 2B, lanes 1  and 3) . This result suggested that the N-terminus of SypE is required for interaction with SypA. To explore this possibility further, we coexpressed SypA with a SypE mutant (SypE NTD ) that expressed only the first 140 amino acids of the N-terminus; this mutant retains its inhibitory activity, but lacks its positive activity (Morris et al., 2011) . We found that SypE NTD co-immunoprecipitated with SypA, indicating that the N-terminal domain alone is sufficient to mediate interaction with SypA (Fig. 2B, lanes 2 and 4) . These data support a model in which the N-terminal domain of SypE interacts with SypA in vivo.
The N-terminal domain of SypE phosphorylates SypA in vitro
The identification of SypA as a protein capable of interacting with SypE provided a candidate substrate to test the activities of SypE's terminal effector domains, e.g. kinase and phosphatase activities. To assess SypE's kinase activity, we purified glutathione S-transferase (GST)-tagged versions of the proteins (SypE and SypA-FLAG) and incubated purified SypA in kinase buffer either in the absence or in the presence of purified SypE. We then resolved the samples on SDS-PAGE gels containing Phos-tag TM acrylamide, which permits the separation of phosphorylated and non-phosphorylated forms of proteins by preferentially binding to and retarding the migration of phosphorylated proteins (Kinoshita et al., 2006; Kinoshita-Kikuta et al., 2007) . Following electrophoresis, SypA protein was detected by Western blotting using an anti-FLAG antibody. As shown in Fig. 3A , purified SypA incubated in kinase buffer alone (lane 2) migrated as a single species, corresponding to non-phosphorylated SypA. In contrast, upon co-incubation with SypE, two major SypA bands were observed: both a lower, fastermigrating SypA band (unphosphorylated SypA) and an upper, slower-migrating band corresponding to phosphorylated SypA (SypA~P) (lane 3). This shifted SypA band was not observed upon resolving the reaction samples in parallel on gels lacking Phos-tag TM acrylamide, suggesting that the upper band observed in our Phos-tag TM gels represents phosphorylated SypA (Fig. S1 ). To confirm that the shifted SypA band indeed represented phosphorylated SypA, we co-incubated SypA with SypE in kinase buffer lacking ATP. As expected, only the lower (unphosphorylated) SypA band was present, indicating that the shifted SypA band represents phosphorylated SypA (Fig. 3A, lane 5) . Similar results were observed in kinase assays containing purified SypA-FLAG protein cleaved of its N-terminal GST-tag (Figs S2 and S3) . Together, these data demonstrate that SypE can phosphorylate SypA.
Phosphorylation of B. subtilis RsbV, and similar STASdomain containing orthologues, occurs on a conserved serine residue (Yang et al., 1996) . Sequence alignments indicate that this residue corresponds to S56 in SypA (Morris and Visick, 2010) . To assess whether this conserved serine was required for SypA phosphorylation, we performed the kinase reactions using a purified SypA mutant in which S56 was substituted with an alanine (SypA S56A ). Upon analysing the samples using Phos-tag TM SDS-PAGE coupled with Western blot analysis, we observed only a single (lower) band for the SypA S56A sample, corresponding to unphosphorylated SypA (Fig. 3A, lane 4) . Thus, phosphorylation of SypA by SypE depends on the predicted site of phosphorylation (S56) within SypA. SypE's serine kinase activity is proposed to reside in the protein's N-terminal effector domain (Morris et al., 2011) . Unfortunately, attempts to assess the kinase activity of purified SypE N-terminal domain alone (SypE NTD ) in vitro were unsuccessful: the GST-SypE NTD protein failed to promote SypA phosphorylation in our in vitro assay (data not shown), perhaps due to misfolding of the fusion protein or interference by the GST tag. As an alternative approach to assess whether the N-terminal domain of SypE possesses kinase activity, we asked whether expression of SypE's N-terminal domain could promote SypA phosphorylation in Escherichia coli cells. We introduced the GSTSypA plasmid into E. coli cells carrying either an empty vector (pVSV105) or a plasmid (pCLD64) expressing the untagged, N-terminal domain of sypE (SypE NTD ), which when expressed in V. fischeri is sufficient to inhibit biofilm formation (Morris et al., 2011) . We then affinity-purified SypA from these SypE NTD -expressing cells and assessed the phosphorylation state of SypA. Whereas SypA purified from vector-containing cells appeared as a single, fastermigrating band corresponding to non-phosphorylated SypA (Fig. 3B , lane 1), SypA purified from sypE NTD -expressing cells predominately appeared as an upper, slower-migrating band corresponding to phosphorylated SypA, although a small amount of unphosphorylated protein could be detected (Fig. 3B , lane 2). We conclude from these data that SypE, and specifically its N-terminal domain, indeed possesses serine kinase activity and can promote phosphorylation of SypA.
The C-terminal domain of SypE dephosphorylates SypA in vitro
Given our finding that the N-terminal domain of SypE can phosphorylate SypA, we next questioned whether SypE's C-terminal domain possesses phosphatase activity and can dephosphorylate SypA~P. To address this question, we incubated phosphorylated SypA (SypA~P) protein in phosphatase buffer either in the presence or in the absence of the putative phosphatase domain of SypE (SypE CTD ) and then assessed the phosphorylation state of SypA. Phosphorylated SypA incubated in phosphatase buffer alone (in the absence of SypE) remained largely phosphorylated as indicated by the presence of the upper (SypA~P) band (Fig. 4 , lanes 3 and 7), relative to the unphosphorylated SypA control (Fig. 4 , lane 2). Upon addition of increasing amounts of SypE CTD , we observed a decrease in the intensity of the upper (SypA~P) band and a corresponding increase in the lower, unphosphorylated SypA band (Fig. 4 , lanes 4-6). These data indicate that the C-terminal domain of SypE possesses phosphatase activity and is capable of dephosphorylating SypA in vitro. Similar results were observed in phosphatase assays containing P~SypA protein cleaved of its N-terminal GSTtag (Figs S2 and S4) . Together with the findings from our kinase assays, these results demonstrate that the N-and C-terminal domains of SypE indeed possess enzymatic activity and are sufficient to mediate SypA phosphorylation and dephosphorylation respectively.
SypA is required for RscS-induced biofilm formation
SypE is an established regulator of biofilm formation (Morris et al., 2011) , and thus we wondered whether it exerts its effect via control over SypA activity. As a first step towards answering this question, we asked whether SypA itself impacts biofilm formation. We induced biofilm formation by overexpressing the biofilm regulator RscS in either wild-type (WT) or DsypA mutant cells. Consistent with previous reports (Yip et al., 2006; Morris et al., 2011) , wild-type cells carrying the rscS plasmid exhibited strong biofilm phenotypes, including wrinkled colony morphology and pellicle formation, whereas vector-containing cells failed to form biofilms as indicated by the smooth colony morphology and lack of a pellicle (Figs 5A and B and S5 respectively). The DsypA mutant consistently failed to form biofilms in response to RscS overexpression, exhibiting smooth colony morphology and little to no pellicle production (Figs 5C and S5 respectively). To confirm that this loss of biofilm formation was due to the absence of sypA, we introduced a wild-type copy of sypA (sypA + ) into the chromosome at the Tn7 site. Single-copy expression of sypA + fully complemented the DsypA mutant, restoring both wildtype wrinkled colony morphology and pellicle formation (Figs 5D and S5) . Together, these results identify SypA as a critical regulator necessary for biofilm formation.
SypA activity is modulated via its conserved serine residue S56
In other RsbV-like antagonists, phosphorylation of a conserved serine residue (S56 in SypA) inhibits their activity (Dufour and Haldenwang, 1994; Yang et al., 1996) . Therefore, we next asked whether phosphorylation impacts SypA's ability to control biofilm formation by generating sypA S56D and sypA S56A mutant alleles and assessing their ability to complement the DsypA mutant for biofilm formation. The aspartate substitution (SypA S56D ) was predicted to mimic the phosphorylated, inactive, state (Diederich et al., 1994; Yang et al., 1996) , while the alanine substitution (SypA S56A ) was predicted to 'lock' the protein in the non-phosphorylated, active, state (Yang et al., 1996) . Neither mutant produced biofilms in the absence of rscS overexpression (data not shown). When rscS was overexpressed in the DsypA mutant containing sypA S56D , biofilm formation occurred, but was severely impaired relative to the sypA + control (Figs 5E and S5 and data not shown). This defect could not be attributed to poor expression, as a FLAG-tagged version of this mutant was present at steady-state levels similar to that of FLAGtagged wild-type SypA protein and the SypA S56A mutant (Fig. S6) . In contrast, the alanine substitution mutant (SypA S56A ) fully complemented, restoring both wrinkled colony morphology and pellicle formation to the rscSoverexpressing sypA mutant (Figs 5F and S5). Together, these results indicate that S56 of SypA is critical for the regulation of SypA activity, and suggest that phosphorylation at this residue likely inhibits SypA activity.
SypA functions downstream of SypE to control biofilm formation
Our current data indicate that both SypE and SypA contribute to the regulation of syp-dependent biofilm formation, but the relative importance of these regulators in controlling biofilms remains unknown. To further investigate the mechanism by which these regulators control biofilms, we generated a double mutant and assessed its ability to form biofilms relative to that of the two single mutants. The DsypE strain exhibited wrinkled colony morphology and pellicle formation similar to wild-type cells (Figs 6C and S7) , albeit with a slight delay in wrinkling (data not shown) as observed previously (Morris et al., 2011) . In contrast, the DsypA mutant exhibited impaired biofilm phenotypes (Figs 6D and S7) . Similar to the sypA single mutant, the DsypA DsypE double mutant also failed to produce bio- films, exhibiting both smooth colony morphology (Fig. 6E ) and impaired pellicle formation (Fig. S7) . Expression of sypA + at the Tn7 site of the DsypA DsypE strain fully restored both wrinkled colony development and pellicle formation to a level indistinguishable from the sypE single mutant (Figs 6F and S7 and data not shown). These data demonstrate that SypA is epistatic to SypE, indicating that SypA functions downstream of SypE in the biofilm regulatory network.
SypE inhibits biofilm formation by inactivating SypA
We previously reported that expression of a mutant sypE allele, sypE D192A , constitutively inhibits biofilm formation in laboratory culture and dramatically impairs host colonization in vivo (Morris et al., 2011) (Fig. 1B) . The constitutive inhibitory activity of the SypE D192A mutant required the protein's N-terminal kinase domain, suggesting that SypE D192A inhibits biofilm formation by constitutively activating the kinase domain to phosphorylate a downstream target protein (Morris et al., 2011) . We hypothesized that SypE D192A inhibits biofilm formation by promoting the phosphorylation, and therefore the inactivation, of SypA. If so, then the 'constitutively active', non-phosphorylatable SypA S56A mutant should be insensitive to SypE's inhibitory activity; therefore, expression of sypA S56A should suppress the biofilm defect of the sypE D192A mutant. To test this hypothesis, we generated strains expressing combinations of the sypA and sypE alleles: either the sypA + or the sypA S56A allele (expressed from the native sypA locus) was combined with either the wild-type sypE + or the constitutively inhibitory sypE D192A allele (expressed at the Tn7 site of a sypE deletion mutant). As expected, SypE + strains expressing either sypA + or sypA S56A exhibited wrinkled colony morphology and pellicle formation (Figs 7A and B and S8) , while a strain that expressed the inhibitory sypE D192A allele and wild-type sypA + failed to produce biofilms (Figs 7C and S8) (Morris et al., 2011) . However, a strain expressing both the inhibitory sypE D192A allele and the constitutively active sypA S56A allele was competent to produce wrinkled colony morphology and pellicles (Figs 7D and S8) . These data indicate that expression of sypA S56A suppresses the biofilm defect of the sypE D192A mutant and further support our earlier epistasis experiments demonstrating that SypA functions downstream of SypE to control biofilms. We conclude from these studies that SypE D192A inhibits biofilm formation through inactivation of SypA (Fig. 1B) . 
SypE
D192A promotes SypA phosphorylation in vivo
We next questioned whether SypA is indeed phosphorylated in V. fischeri (in vivo), and whether SypA phosphorylation corresponds with a loss of biofilm formation. To determine whether SypE promotes SypA phosphorylation in vivo, we introduced plasmids expressing epitope-tagged SypA or SypA S56A into our V. fischeri strains expressing either sypE + or the inhibitory sypE D192A allele and confirmed their expected biofilm phenotypes (Fig. S9) . We next assessed the in vivo phosphorylation state of the tagged SypA proteins using the Phos-tag TM SDS-PAGE assay coupled with Western blot analysis. Cells expressing wildtype alleles of sypA and sypE consistently exhibited two bands: a predominant, lower band corresponding to unphosphorylated SypA and a faint, slower-migrating band corresponding to phosphorylated SypA (SypA~P) (Fig. 8,  lane 2) . In contrast, cells expressing sypA + and the inhibitory sypE D192A allele exhibited only the upper SypA~P band (Fig. 8, lane 3) , indicating that the majority of the SypA protein was phosphorylated under those conditions. The ability of SypE D192A to phosphorylate SypA depended upon its kinase domain, as only unphosphorylated SypA was observed in cells expressing SypE D192A, N52A , a SypE mutant in which the constitutively inhibitory activity was disrupted by a mutation in the kinase domain (Morris et al., 2011) (Fig. S10) . Finally, cells coexpressing the sypA S56A mutant and either sypE + (Fig. 8, lane 4) or sypE D192A (Fig. 8 , lane 5) exhibited only the lower band corresponding to nonphosphorylated SypA. No shifted SypA-HA bands were observed upon resolving cell lysates on gels lacking Phostag TM acrylamide (Fig. S11 ). These results demonstrate that SypA is indeed phosphorylated in vivo, and that SypA phosphorylation corresponds to inhibition of biofilm formation by SypE (e.g. in cells expressing inhibitory SypE D192A ). They also corroborate our in vitro analyses indicating that residue S56 is required for SypA phosphorylation. Together, these data support a model in which SypE inhibits biofilms by promoting phosphorylation, and thus inactivation, of SypA (Fig. 1B) . 
SypA functions downstream of SypE to control host colonization
Previous work has shown a correlation between biofilmforming competence and symbiotic colonization by V. fischeri (Yip et al., 2005; 2006; Morris et al., 2011) . Thus, we sought to verify the in vivo relevance of sypA during host colonization using the various sypA mutant strains. Because rscS expressed from the chromosome is sufficient to promote biofilm formation during symbiotic colonization (Yip et al., 2006) , we performed these experiments in the absence of rscS overexpression.
First, we competed DsypA mutant cells against wildtype cells in mixed inoculation experiments, and found that the sypA mutant exhibited a dramatic competitive colonization defect [mean Log Relative Competitive Index (RCI), 1.38 Ϯ 0.51] (Fig. 9A ). This defect in colonization could be abrogated by complementation with a wild-type allele of sypA + (mean Log RCI, 0.15 Ϯ 0.47) (Fig. 9B ). These data indicated that sypA is required for efficient colonization of E. scolopes.
Next, we performed single-strain colonization assays. Eighteen hours after exposure to V. fischeri, animals inoculated with wild-type cells contained bacterial levels of about 10 5 colony-forming units (cfu) per animal (mean = 1.2 ¥ 10 5 cfu; Fig. 9C ). In contrast, animals exposed to DsypA cells largely remained uncolonized, while those that were colonized contained significantly fewer (2-3 logs decreased) bacteria (mean = 3.9 ¥ 10 2 cfu; Fig. 9C ). As in the competitive colonization assays, we found that complementation with a wild-type allele of sypA + restored colonization to levels similar to that of wild-type cells (mean = 8.1 ¥ 10 4 cfu; Fig. 9C ). Our in vitro biofilm studies suggested that phosphorylation inhibits SypA activity. To explore the dependence of symbiotic colonization on unphosphorylated SypA, we assessed colonization by the DsypA mutant expressing the SypA S56D protein, which mimics the phosphorylated state of SypA and fails to promote biofilms. As expected, the SypA S56D strain exhibited a severe colonization defect, similar to that observed for the DsypA mutant (mean = 1.1 ¥ 10 3 cfu; Fig. 9C ). The data further support our hypothesis that phosphorylation inhibits or inactivates SypA and thus impairs colonization (Fig. 1B) .
Finally, to test our hypothesis that SypE inhibits colonization through phosphorylation of SypA, we examined the ability of the 'constitutively active' sypA S56A allele to bypass the inhibition of colonization resulting from the sypE D192A (constitutive kinase) allele. As previously observed, animals exposed to wild-type V. fischeri cells contained roughly 10 5 cfu per animal (mean = 6.8 ¥ 10 5 cfu; Fig. 10 ), while sypE D192A (sypA + ) cells exhibited a severe defect in host colonization: several animals remained uncolonized, while colonized animals exhibited a 2-3 log decrease in Fig. 9 bacterial loads (mean = 5.66 ¥ 10 3 cfu; Fig. 10 ) (Morris et al., 2011) . In contrast, sypE D192A cells expressing the sypA S56A allele colonized the animals to levels similar to wild-type V. fischeri cells (mean = 3.68 ¥ 10 5 cfu; Fig. 10 ). These data demonstrate that the colonization defect of the sypE D192A mutant can be suppressed by a constitutively active, SypE-insensitive derivative of SypA, indicating that the effect of SypE D192A during colonization is to inhibit SypA activity. Furthermore, these results support our in vitro biofilm assays, demonstrating that SypE functions through SypA to control both biofilms and colonization (Fig. 1B) . Finally, because these experiments utilize V. fischeri strains that do not overexpress rscS, they demonstrate the biological relevance of these regulators in controlling host colonization.
Discussion
In this study, we sought to determine the mechanism by which the novel RR SypE restricts biofilm formation and host colonization in V. fischeri. SypE was previously shown to both inhibit and promote syp biofilm formation through the opposing activities of its N-and C-terminal effector domains respectively (Morris et al., 2011) . Genetic and bioinformatic analyses suggested that SypE's inhibitory N-terminal domain might possess serine kinase activity, while its positive acting C-terminal domain might function as a serine phosphatase. We therefore hypothesized that SypE likely regulates biofilms by controlling the phosphorylation state of a downstream target protein(s). In this report, we demonstrated that SypE indeed functions as both a serine kinase and a serine phosphatase, and that SypE exerts its impact on biofilm formation by controlling the phosphorylation state of another syp-encoded regulatory protein, SypA.
We first focused our attention on SypA as a potential target of SypE due to the similarity of these proteins to regulatory proteins found in partner-switching systems. Specifically, the N-and C-terminal effector domains of SypE are similar to the B. subtilis partner-switching proteins RsbW and RsbU, respectively, while SypA is similar to the STAS-domain protein RsbV (Morris and Visick, 2010) . In B. subtilis, RsbW and RsbU interact with and regulate the phosphorylation state of RsbV (Yang et al., 1996) (Fig. 1A) . The prediction that SypE likewise interacts with SypA was supported by the results of our co-immunoprecipitation studies: antibodies directed against epitope tags present on either SypE or SypA consistently promoted immunoprecipitation of both proteins ( Fig. 2A) . Interaction with SypA appeared to be mediated by the N-terminus of SypE, as a derivative that included only the N-terminal domain co-immunoprecipitated with SypA, while an N-terminal deletion mutant failed to do so (Fig. 2B ). Given our in vitro phosphatase results demonstrating that SypE's C-terminal domain (SypE CTD ) is sufficient to promote SypA dephosphorylation (Fig. 4) , we propose that the C-terminal domain also interacts with SypA, but that this interaction may be transient and, therefore, not evident in the co-immunoprecipitation assay. The finding that SypE's RsbW-like domain mediates interaction with SypA is consistent with that observed for characterized B. subtilis orthologues, in which binding of RsbV to RsbW inhibits the anti-sigma activity of RsbW (Dufour and Haldenwang, 1994 (Figs 8 and S9 ). Together, these findings support a model in which SypE regulates biofilm formation by controlling the phosphorylation state, and therefore the activity, of SypA (Fig. 1B) .
We also obtained compelling evidence that the phosphorylation state of SypA plays a critical role in controlling host colonization: (i) similar to the DsypA mutant, cells expressing the phosphorylated mimic of sypA (sypA S56D ), which failed to support biofilm formation in culture, were dramatically impaired in their ability to colonize (Fig. 9C) , and (ii) expression of the non-phosphorylatable version of sypA (sypA S56A ) suppressed the severe defect in host colonization (and biofilm formation) caused by the constitutive kinase allele of sypE (sypE D192A ) (Fig. 10) . We conclude from these results that the regulation of SypA activity by SypE is a critical mechanism by which V. fischeri controls biofilm formation and host colonization. Our ability to manipulate and evaluate the in vivo phosphorylation state of SypA and correlate it with biofilm formation and colonization competence provides both substantial insight into the natural processes occurring in V. fischeri and a robust model for probing the control over these processes.
In our analysis of the SypE-SypA signalling network, we confirmed that SypE and SypA indeed function in a single pathway to control biofilms (Fig. 6) . Furthermore, we found that SypA functions downstream of SypE in this regulatory pathway. This result stands in contrast to the characterized partner-switching networks described in B. subtilis, in which the serine kinase/anti-sigma (RsbW) functions as the downstream regulatory protein (Yang et al., 1996) . In traditional partner-switching systems, the interaction of the switch protein (RsbW) with either of its 'partner' proteins (RsbV or s B ) dictates the output of the regulatory switch (i.e. sigma factor activity), while the upstream antagonist (RsbV) indirectly controls the output response (sigma factor activity) through antagonism of RsbW (Yang et al., 1996) (Fig. 1A) . Our studies, however, demonstrate that the ability of SypE to regulate biofilms and colonization is fully dependent upon SypA and the regulation of SypA activity (Fig. 1B) . While we cannot rule out the possibility that SypE has additional regulatory targets, SypA is the clear downstream regulator for the phenotypes investigated here. These results suggest that while SypE and SypA share similarity with partner-switching orthologues, the mechanism by which these regulators control biofilms may deviate from the traditional partner switching paradigm characterized in B. subtilis and other Gram-positives.
Studies are underway to determine the mechanism by which SypA controls biofilm formation and, thus, host colonization. Preliminary evidence suggests that SypA functions to promote biofilm formation at a level below, but dependent on, SypG activation and syp transcription (A.R. Morris and K.L. Visick, unpubl. data) . Based on the similarity of SypA to RsbV-like antagonist proteins, we hypothesized that SypA may interact with an additional RsbW-like anti-sigma factor, and thus indirectly control the activity of a downstream sigma factor involved in biofilm formation. However, analysis of the V. fischeri genome for RsbW-like orthologues (other than SypE) failed to identify any potential candidate genes. Additionally, preliminary studies have yet to identify a potential sigma factor whose activity might be regulated by SypA.
The possibility also remains that SypA may function in a manner distinct from that described in B. subtilis and the other Gram-positive systems, and thus may not regulate activity of a sigma factor. Partner-switching orthologues have been described in several other Gram-negative systems, including Bordetella bronchiseptica and Chlamydia trachomatis. Interestingly, these reports suggest that while these partner-switching regulators are conserved in these systems, their regulatory mechanisms appear to deviate from the partner-switching paradigm described in B. subtilis. For example, it was reported that the btr partnerswitching orthologues of B. bronchiseptica (BtrU-BtrVBtrW) regulate type III secretion (TTS), but do not impact transcription of the known TTS genes (Mattoo et al., 2004; Kozak et al., 2005) . The authors of this study proposed that the Btr partner switching proteins may not regulate a sigma factor, but instead may function post-translationally to control TTS, perhaps by interacting with hypothetical proteins involved in the secretory system (Kozak et al., 2005) . Similarly, a study examining partner-switching orthologues in the Gram-negative pathogen C. trachomatis (RsbURsbV1-RsbV2-RsbW) failed to identify an interaction between these proteins and any of the three sigma factors encoded by the C. trachomatis genome (Hua et al., 2006) . These studies suggest that while partner-switching orthologues are conserved in Gram-negative species, the regulatory systems in which these proteins function may differ from the traditional partner-switching paradigm observed in B. subtilis and other Gram-positive bacteria. Studies are underway to determine whether SypA promotes biofilms via interaction with a putative regulatory protein (e.g. a sigma factor) or possibly through a post-translational mechanism (e.g. interaction with any of the Syp structural proteins).
Along with previous work, this study demonstrates that biofilm formation in V. fischeri is a tightly controlled process, involving both traditional two-component regulators and partner-switching-like proteins. That regulatory elements from both signalling systems appear to be combined in the RR SypE distinguishes this protein from the traditional RR, and may represent a novel means by which a bacterium can control gene expression. Interestingly, SypE-like RRs also appear to be present in other bacterial systems, including other Vibrios, such as Aliivibrio salmonicida, and non-Vibrio species, including Aeromonas veronii and Pseudomonas aeruginosa (Hsu et al., 2008; Morris and Visick, 2010) . What role these SypE-like proteins may play in these other bacterial systems remains largely untested. However, a recent study in the Gram-negative bacterium P. aeruginosa identified a RR, PA3346, that exhibits a domain architecture similar to SypE; PA3346 consists of an N-terminal REC domain, a central PP2C-like domain, and a C-terminal HATP (histidine kinase/ATPase) domain (Hsu et al., 2008) . Importantly, the RR PA3346 was shown to regulate swarming motility through a partner-switching mechanism involving a SypA-like protein, PA3347 (Bhuwan et al., 2012) . Therefore, SypE-like regulators may be utilized in diverse bacterial species as a means to integrate regulatory elements from distinct signalling systems to provide further control over gene expression.
Experimental procedures
Bacterial strains, plasmids and media
The bacterial strains and plasmids used in this study are listed in Tables 1 and 2 respectively. V. fischeri strain ES114, an isolate from E. scolopes, was used as the parental strain in this study (Boettcher and Ruby, 1990 ). All V. fischeri derivatives were generated by conjugation, as previously described (Visick and Skoufos, 2001 ). E. coli strains Tam1 l pir (Active Motif, Carlsbad, CA), DH5a (Invitrogen, Carlsbad, CA) and GT115 (Invivogen, San Diego, CA) were used for cloning and conjugative purposes. E. coli strains were grown in LuriaBertani media (LB) (Davis et al., 1980) . V. fischeri strains were grown in complex media [Sea Water Tryptone (SWT) (Yip et al., 2005) or LBS (Graf et al., 1994) ]. Agar was added to a final concentration of 1.5% for solid media. The following antibiotics were added to V. fischeri media, where necessary, at the indicated concentrations: chloramphenicol (Cm) 2.5 mg ml -1 , erythromycin at 5 mg ml -1 and tetracycline (Tc) at 5 mg ml -1 in LBS and 30 mg ml -1 in SWT. The following antibiotics were added to E. coli media, where necessary, at the indicated concentrations: Cm at 25 mg ml -1 , kanamycin (Kan) at 50 mg ml -1 , Tc at 15 mg ml -1 or ampicillin (Ap) at 100 mg ml -1 .
Molecular techniques
The sypA alleles used in this study were generated by PCR amplification using the primers listed in Table 3 . PCR products were cloned into the pJET1.2 cloning vector (Fermentas, Glen Burnie, MD), and subsequently subcloned into mobilizable plasmid pKV282 (Morris et al., 2011) using standard molecular techniques. For chromosomal insertion at the Tn7 site, the sypA genes and the upstream PsypA promoter were subcloned into the mini-Tn7 delivery vector pEVS107 (McCann et al., 2003) . The alleles were inserted into the chromosomal Tn7 site of V. fischeri using a tetraparental mating as previously Dunn et al. (2006) described (McCann et al., 2003; Morris et al., 2011) . To generate site-directed mutations in sypA, we utilized the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Plasmid pARM13 (Table 2 ) served as the template for the primer 849 and select sypA mutagenic primers (Table 3) . Generation of the desired mutations was confirmed by sequence analysis using the Genomics Core Facility at the Center for Genetic Medicine at Northwestern University (Chicago, IL) and ACGT (Wheeling, IL). FLAG and HA epitope fusions to the C-terminus of SypA and SypE were generated by standard PCR using the primers listed Table 3 , and the resulting alleles were cloned into mobilizable vectors, pKV282 (Morris et al., 2011) or pVSV105 (Dunn et al., 2006) . To construct the DsypA deletion, we used PCR to amplify and clone sequences approximately 2 kb upstream and downstream of sypA into the pJET1.2 cloning vector and subsequently plasmid pEVS79 (Stabb and Ruby, 2002) . We then ligated these fragments to form a plasmid, pARM37, which was subsequently used to introduce the DsypA deletion into V. fischeri strains as previously described (Hussa et al., 2008) . Colony PCR analysis was performed to confirm deletion of sypA.
sypA allelic replacement
To restore wild-type sypA or insert the mutant sypA allele at the native locus, we used the method of Le Roux et al. (2007) . We first generated plasmids pARM135 and pARM160, which contained 750 bp upstream and 500 bp downstream of sypA and sypA S56A respectively. We then introduced the plasmids into the recipient strain (KV4716) by conjugation and isolated stably cm-resistant (cm R ) colonies, indicating integration of the sypA suicide construct into the chromosome. Stable cm strains were cultured in LBS containing Tc and Cm at 28°C overnight with shaking and subsequently subcultured to an OD600 of 0.5. Cells (~0.10 g) were harvested by centrifugation (13 000 g for 10 min), and washed in 1 ml of phosphate-buffered saline (PBS). Samples were subsequently prepared and immunoprecipitated using the Dynabeads Co-immunoprecipitation Kit (Invitrogen, Oslo, Norway). Cell samples were resuspended and lysed in 900 ml of Extraction Buffer (EB) (1¥ IP buffer, 100 mM NaCl, 1 mM DTT) (Invitrogen, Oslo, Norway). Rabbit anti-FLAG and anti-HA antibodies (25 mg, Sigma-Aldrich, St. Louis, MO) were coupled to magnetic Dynabeads (5 mg, Invitrogen) according the manufacturer's protocol. As a negative control, dynabeads (1.5 mg) were coupled with non-specific mouse anti-rabbit IgG antibody (5 mg, Promega). For the coimmunoprecipitation, antibody-coupled beads were incubated with 900 ml of whole-cell extracts at 4°C with rocking for 1 h. Eluted samples were diluted with 2¥ sample buffer and resolved using SDS-PAGE. Samples were then transferred to PVDF membrane and proteins were detected using rabbit anti-FLAG and anti-HA antibodies followed by a HRPconjugated secondary antibody as described earlier.
Purification of SypA and SypE proteins
The sypE (either wild-type SypE or the SypE C-terminal domain alone) and sypA-FLAG (either wild-type SypA or the SypA S56A mutant) alleles were PCR cloned into the GST-fusion vector pGEX-5X-1 (Amersham Biosciences) to generate Nterminal glutathione-S-transferase (GST) fusions (Table 2) . The resulting plasmids were transformed into E. coli Tam1 cells. E. coli cultures were grown at 28°C to an OD600 of 0.5 and overexpression of the GST-fusion proteins was induced by the addition of 0.4 mM IPTG followed by further culturing overnight. Cells were harvested by centrifugation (10 000 g), lysed using BugBuster protein extraction reagent (Novagen, EMD Chemicals, San Diego, CA), and diluted in resuspension buffer (50 mM Na2HPO4, 1 M NaCl, 0.1% Tween-20, pH 8.0). Samples were centrifuged (12 000 g) and the supernatants applied to a Glutathione Sepharose 4B column (GE Healthcare, Piscataway, NJ), washed with cold 1¥ PBS, and the bound proteins were eluted by the addition of glutathione elution buffer (10 mM reduced glutathione, 50 mM Tris-HCl, pH 8.0). Eluted proteins were dialysed using Slide-A-Lyzer dialysis cassettes in storage buffer [50% glycerol, 10 mM Tris-HCl, 100 mM KCl, 10 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1 mM EDTA] (10 K MWCO, Thermo Scientific).
To obtain purified phosphorylated SypA (SypA~P), E. coli GT115 cells were co-transformed with the GST-SypA-FLAG plasmid (pARM157) and either plasmid pCLD64 expressing only the N-terminal kinase domain of SypE, SypE NTD (Morris et al., 2011) or empty vector pVSV105. Overexpression and purification of the protein was performed as described above.
To obtain purified SypA-FLAG protein lacking the Nterminal GST fusion, the GST-purified SypA-FLAG proteins (either wild-type or phosphorylated SypA; 50 mg) were incubated in cleavage buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM CaCl2] containing Factor XA (50 mg) (New England BioLabs, Ipswich, MA) at 23°C for 16 h. Samples were subsequently applied to a Glutathione Sepharose 4B column to remove any remaining GST-tagged proteins, and the flow-through containing cleaved SypA-FLAG protein were collected. Cleavage of the GST-tag was confirmed by Western blotting using an anti-FLAG antibody as described above (see supplemental Fig. S2 ).
In vitro kinase assay
Purified GST-SypA containing a C-terminal FLAG epitope tag (either wild-type SypA or SypA S56A ; 1 mg) was incubated at 28°C for 10 min in phosphorylation buffer (50 mM Tris-HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.1 mM EDTA) in the presence or absence of 2 mM ATP. Purified wild-type GST-SypE (2 mg) was added to the reactions and the samples incubated for an additional 30 min. Reactions were terminated by the addition of 2¥ sample buffer and proteins were resolved on 10% SDS-PAGE gels containing 20 mM Phos-tag TM acrylamide (WAKO chemicals, Richmond, VA) and 40 mM MnCl2. Gels were fixed for 15 min in standard transfer buffer (20% MeOH, 50 mM Tris, 40 mM glycine) containing 1 mM EDTA to remove Mn 2+ from the gel. Gels were incubated for an additional 20 min in transfer buffer without EDTA. Proteins were transferred to a PVDF membrane and detected by Western blot analysis using an anti-FLAG antibody as described earlier.
As a control, the kinase assays were repeated using GSTpurified SypA-FLAG protein cleaved of its N-terminal GST-tag (as described above).
In vitro phosphatase assay
Phosphorylated GST-SypA protein containing a C-terminal FLAG epitope tag (SypA~P) was purified from E. coli cells coexpressing the N-terminal kinase domain of SypE (SypE NTD ) as described earlier. To confirm the phosphorylation state of the purified protein, samples were analysed using Phos-tag TM acrylamide SDS-PAGE coupled with anti-FLAG Western blotting, as described earlier. For the phosphatase assay, purified SypA~P was pre-incubated alone in phosphatase buffer (50 mM Tris-HCl, 10 mM NaCl, 10 mM MgCl2, 1 mM DTT) at 28°C, followed by the addition of increasing concentrations of GST-purified SypE CTD protein. Samples were incubated at 28°C for an additional 30 min and the reactions were terminated by the addition of 2¥ sample buffer. To assess the phosphorylation state of SypA, samples were analysed using Phos-tag TM acrylamide SDS-PAGE coupled with anti-FLAG Western blot analysis as described for the in vitro kinase assay. As a control, the phosphatase assays were repeated using GST-purified P~SypA protein cleaved of its N-terminal GST-tag (as described above).
Wrinkled colony assay
To observe wrinkled colony formation, strains were streaked onto LBS agar plates containing Tc. Single colonies were then cultured with shaking in LBS broth with Tc overnight at 28°C and then subcultured to an OD600 of 0.1 in 5 ml of fresh medium. Cells were spun down, washed twice in 70% artificial seawater (ASW) (0.10 M MgSO4, 19.7 mM CaCl2, 0.6 M NaCl, 20 mM KCl) and resuspended in 70% ASW and diluted to an OD of 0.1. Ten microlitres of resuspended cultures were spotted onto LBS agar plates and grown for 48 h at 22°C.
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Images of the spotted cultures were acquired at the indicated time points using a Zeiss stemi 2000-C dissecting microscope.
Pellicle assay
Strains were grown with shaking in LBS with Tc at 22°C overnight and then subcultured to an OD of 0.1 in 1.5 ml of fresh medium in 24-well microtitre dishes. Cultures were then grown at room temperature for up to 48 h. To permit visualization, the pellicles were disrupted by probing the air-liquid interface with a sterile pipette tip. A pellicle is observed at a disruption at the culture surface. Cultures with no pellicle were scored as (-); cultures with a weak, easily disrupted pellicle were scored as (+); cultures with an intact pellicle were scored as (++). Images of the spotted cultures were acquired at the indicated time points using a Zeiss stemi 2000-C dissecting microscope.
Analysis of SypA phosphorylation in vivo
Indicated V. fischeri strains were streaked onto LBS agar plates containing Tc and Cm. Single colonies were then cultured overnight in LBS containing Tc and Cm at 24°C with shaking. Aliquots of cells (1 ml) were spun down, washed twice with 1¥ PBS and lysed in 2¥ sample buffer. Samples were resolved on SDS-PAGE gels containing 25 mM Phostag TM acrylamide and 50 mM MnCl2. Samples were transferred to PVDF membranes and proteins detected using anti-HA Western blot analysis as described for the in vitro kinase assay.
Squid colonization assays
To perform single-strain colonization assays, juvenile squid were placed into artificial seawater (ASW) (Instant Ocean; Aquarium Systems, Mentor, OH) containing roughly 1000 cells per ml of seawater. Incubation was allowed to proceed for 18-24 h post inoculation, at which time the animals were washed in ASW and homogenized to release the light organ contents. Serial dilutions of the light organs were plated and cfu calculated. For competitive colonization assays, juvenile squid were placed into ASW containing approximately 1000 V. fischeri cells per ml of seawater. Juvenile squid were inoculated with an approximate 1:1 ratio of mutant and wild-type cells, and incubation was allowed to proceed for 18 h. For these assays, sypA + cells were marked with an erythromycin resistance (Em R ) cassette within the chromosome at the Tn7 site. Reciprocal experiments were also performed in which DsypA cells contained the Em R marker. The ratio of bacterial strains within the light organs of the animals was assessed through homogenization/plating assays as described previously (Yip et al., 2006) . The competitive colonization data are reported as the log-transformed Relative Competitive Index (Log RCI). This index is generated by dividing the ratio of mutant to wild-type in the homogenate by the ratio present in the inoculum and calculating the log10 value of that number.
